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Hantaviruses  such  as  Hantaan  virus  (HTNV)  and  Andes  virus  cause  two  human  diseases,  hemorrhagic  fever  vnth 
renal  syndrome  and  hantavirus  pulmonary  syndrome,  respectively.  For  both,  disease  pathogenesis  is  thought  to  be 
immunologically  mediated  and  there  have  been  numerous  reports  of  patients  nith  elevated  levels  of  proinflamma- 
tory  and  Inflammatory  cytokines,  including  tumor  necrosis  factor  alpha  (TNF-a),  in  their  sera.  Multiple  viruses 
have  developed  evasion  strategies  to  circumvent  the  host  cell  inflammatory  process,  with  one  of  the  most  prevalent 
being  the  disruption  of  nuclear  factor  kappa  B  (NF-kB)  activation.  We  hypothesized  that  hantaviruses  might  also 
moderate  host  inflammation  by  interfering  with  this  pathway.  We  report  here  that  the  nucleocapsid  (N)  protein  of 
HTNV  was  able  to  inhibit  TNF-a-induced  activation  of  NF-kB,  as  measured  by  a  reporter  assay,  and  the  activation 
of  endogenous  p65,  an  NF-kB  subunit.  Surprisingly,  there  was  no  defect  in  the  degradation  of  the  inhibitor  of  NF-kB 
(IkB)  protein,  nor  was  there  any  alteration  in  the  level  of  p65  expression  in  HTNV  N-expressing  cells.  However, 
immunofluorescence  antibody  staining  demonstrated  that  cells  expressing  HTNV  N  protein  and  a  green  fluorescent 
proteln-p65  fusion  had  limited  p65  nuclear  translocation.  Furthermore,  we  were  able  to  detect  an  interaction 
between  HTNV  N  protein  and  importin  a,  a  nuclear  import  molecule  responsible  for  shuttling  NF-kB  to  the 
nucleus.  Collectively,  our  data  suggest  that  HTNV  N  protein  can  sequester  NF-kB  in  the  cytoplasm,  thus  inhibiting 
NF-kB  activity.  These  findings,  which  were  obtained  using  cells  transfected  with  cDNA  representing  the  HTNV  N 
gene,  were  confirmed  using  HTNV-infected  cells. 


Tumor  necrosis  factor  alpha  (TNF-a)  is  a  major  proinflam- 
matory  cytokine  produced  by  a  variety  of  cell  types  that  include 
macrophages,  endothelial  cells,  and  epithelial  cells,  and  the 
receptor  is  constitutively  expressed  on  most  cell  types  (44). 
TNF-a  is  pleiotropic  and  can  regulate  the  response  of  immune 
cells,  as  well  as  induce  inflammation,  differentiation,  and  apop¬ 
tosis,  and  is  involved  in  protecting  the  host  from  pathogen 
infections.  Upon  TNF-a  ligand  binding,  TNF-associated  death 
domain  (TRADD)  associates  with  the  TNF  receptors  and 
serves  as  an  adaptor  molecule  that  recruits  TNF  receptor- 
associated  factor  2  (TRAF-2)  and  receptor-interacting  protein 
(14).  This  complex  of  proteins  leads  to  the  activation  of  kinases 
that  phosphorylate  the  inhibitor  of  kB  (IkB)  (14).  The  ubiq- 
uitin-proteosome  pathway  initiates  the  degradation  of  IkB, 
allowing  for  NF-kB  dimers  to  translocate  to  the  nucleus  and 
regulate  the  transcription  of  NF-kB  target  genes  (12). 

NF-kB  transcription  factors  are  dimers  composed  of  five 
subunits  belonging  to  the  Rel  family  (reviewed  in  reference 
12).  The  five  subunits,  p65  (Rel  A),  Rel  B,  c-Rel,  p50,  and  p52, 
can  form  various  dimers  (2,  42,  43).  The  p50/p65  heterodimers 
are  the  best-characterized  and  are  the  most  abundant  form  of 
the  NF-kB  transcription  factors  in  most  cell  types  (12).  IkB  is 
responsible  for  sequestering  NF-kB  in  the  cytoplasm  by  mask¬ 
ing  its  nuclear  localization  signal  (NLS)  (3,  10,  13).  Proteins 
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that  are  too  large  to  diffuse  through  the  nuclear  pore  require  a 
transport  system  consisting  of  importin  a  and  importin  |3  (28). 
Proteins  utilizing  this  transport  system  to  translocate  to  the 
nucleus  contain  an  NLS  that  is  recognized  and  bound  by  im¬ 
portin  a  (11,  21,  28).  To  date,  seven  importin  a  proteins  (im¬ 
portin  al  to  a7),  all  of  which  carry  various  cargo,  including 
signal  transducers  and  activators  of  transcription  (STATs)  and 
NF-kB  (6,  7,  27),  have  been  identified.  Importantly,  Fagerlund 
et  al.  recently  reported  that  TNF-a-induced  nuclear  localiza¬ 
tion  of  p50/p65  heterodimers  is  mediated  by  importin  a3  and 
importin  a4  (6).  However,  there  have  also  been  reports  of 
importin  al’s  interacting  with  NF-kB,  but  the  role  of  importin 
al  in  transport  and  activation  remains  unclear  (5,  6).  Because 
of  the  multifaceted  nature  of  TNF-a  and  NF-kB,  the  NF-kB 
subunits  and  the  importin  a  proteins  have  become  prime  tar¬ 
gets  of  viruses  to  evade  the  outcome  of  inflammatory  pathways. 

Hantaan  virus  (HTNV)  is  a  member  of  the  Bunyaviridae 
family,  which  consists  of  segmented  negative-sense  or  am- 
bisense  enveloped  viruses.  The  trisegmented  RNA  genome 
(comprising  the  S  [small],  M  [medium],  and  L  [large]  seg¬ 
ments)  of  HTNV  encodes  the  N  protein,  glycoproteins  (Gn 
and  Gc),  and  the  transcriptional  polymerase  (L  polymerase), 
respectively,  in  the  virus  cRNA.  The  Hantavirus  genus  is 
unique  among  the  genera  in  this  family  because  it  is  the  only 
one  with  viruses  that  are  rodent  borne  rather  than  arthropod 
borne.  Hantaviruses  establish  prolonged  and  persistent  infec¬ 
tions  in  their  rodent  reservoirs  and  cause  no  overt  signs  of 
illness.  However,  some  of  the  hantaviruses  can  cause  two  dis¬ 
tinct  types  of  human  disease:  hemorrhagic  fever  with  renal 
syndrome  (HFRS)  and  hantavirus  pulmonary  syndrome  (HPS) 
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(34).  Hantavirus-associated  diseases  are  thought  to  be  immu- 
nologically  mediated,  and  there  have  been  numerous  reports 
of  patients  with  elevated  levels  of  TNF-a  in  plasma  during  the 
acute  phase  of  HFRS  (20,  24).  TNF-a-positive  cells  can  also  be 
found  in  kidney  and  lung  biopsy  specimens  from  HFRS  and 
HPS  patients  (29,  41).  Clinically,  hypotension  and  patient  out¬ 
comes  correlate  with  the  levels  of  TNF-a  (24). 

Recently,  studies  have  begun  to  focus  on  the  ability  of  han¬ 
taviruses  to  antagonize  the  innate  immune  response.  The  Gc 
proteins  of  the  HPS  viruses,  Andes  virus  (ANDV)  and  NY-1 
virus,  can  inhibit  the  activation  of  two  important  innate  im¬ 
mune  pathways,  those  of  double-stranded  RNA  and  interferon 
(IFN).  NY-1  virus  Gc  has  been  shown  to  antagonize  the  acti¬ 
vation  of  RIG-I,  a  protein  involved  in  the  induction  of  IFN  (1). 
ANDV  Gc  can  inhibit  the  phosphorylation  of  transcription 
factors  STATl  and  STAT2,  and  this  inhibition  has  been  dem¬ 
onstrated  previously  in  ANDV-infected  cells  (39).  Further¬ 
more,  Sin  Nombre  virus  is  unable  to  induce  the  production  of 
IFN-a/p  during  infection  (32).  These  results  show  that  hanta¬ 
viruses  have  evolved  multiple  strategies  to  circumvent  innate 
immune  responses.  Considering  the  clinical  relevance  of 
TNF-a  during  infection,  we  hypothesized  that  HTNV  might  be 
able  to  inhibit  this  inflammatory  pathway.  Here,  we  examined 
the  ability  of  HTNV  proteins  to  prevent  downstream  effects  of 
TNF-a-induced  activation  of  NF-kB. 


MATERIALS  AND  METHODS 

Cells,  plasmids,  reagents,  and  virus.  The  human  embryonic  kidney  cell  line 
293T  was  maintained  in  Dulbecco’s  minimum  essential  medium  that  was  sup¬ 
plemented  with  10%  fetal  bovine  serum  (HyClone),  250  |ig/ml  of  amphotericin 
B  (Gibco),  and  100  lU  of  penicillin-streptomycin  (Gibco).  The  human  lung 
epithelial  cell  line  A549  was  maintained  in  Eagle’s  minimum  essential  medium 
(EMEM)  supplemented  with  10%  fetal  bovine  serum,  0.5  p-g/ml  of  amphotericin 
B,  and  100  lU  of  penicillin-streptomycin.  All  cells  were  incubated  at  37°C  in  5% 
CO2  for  the  periods  of  time  indicated  below. 

The  pNF-KB-hrGFP  reporter  plasmid  (Stratagene)  expresses  green  fluores¬ 
cent  protein  (GFP)  from  a  promoter  containing  only  a  TATA  box  and  five 
sequential  kB  binding  elements.  The  construction  of  the  expression  vector 
pWRG7077  was  described  earlier  (35).  The  cDNA  encoding  the  full-length 
HTNV  M  segment  was  cloned  into  the  pWRG7077  vector  as  described  previ¬ 
ously  (15),  yielding  pWRG7077-HTNV-M.  The  cDNA  encoding  the  HTNV  S 
segment  (36)  was  excised  by  digestion  with  BamHI  and  cloned  into  the  Bglll  site 
of  pWRG7077,  generating  pWRG7077-HTNV-S.  All  importin  a  constructs  con¬ 
tained  N-terminal  FLAG  and  were  cloned  as  described  previously  (38,  45).  The 
pCAGGS-GFP-p65  plasmid  was  generated  by  cloning  the  p65  open  reading 
frame  into  the  EcoRV  and  Nhel  sites  of  the  pCAGGS-GFP  expression  vector. 
The  pCAGGS-GFP  plasmid  is  a  variant  that  contains  multiple  cloning  sites 
flanking  the  GFP  coding  sequence,  allowing  for  the  expression  of  amino-terminal 
GFP  fusion  proteins. 

For  the  transfection  of  293T  cells  in  2-cm^  wells,  3  |xl  of  FuGENEb  (Roche)  was 
diluted  in  100  fxl  of  serum-free  medium  and  1  p-g  of  DNA  was  added.  The  trans¬ 
fection  mixture  was  allowed  to  incubate  at  room  temperature  for  20  min  and  added 
to  the  cells  for  24  h.  For  the  transfection  of  A549  cells  in  2-cm^  wells,  0.5  fig  of  DNA 
was  added  to  100  |xl  of  serum-free  medium,  after  which  0.5  |il  of  PLUS  reagent 
(Invitrogen)  was  added  and  the  mixture  was  incubated  for  5  min  at  room  temper¬ 
ature.  LTX  reagent  (1.5  |il;  Invitrogen)  was  subsequently  added  to  the  mixture,  and 
the  mixture  was  incubated  for  an  additional  25  min  at  room  temperature.  For  larger 
wells,  reagent  amounts  were  scaled  up  proportionately  to  the  size. 

HTNV  strain  76-118  (22)  was  propagated  in  roller  bottles  containing  Vero  E6 
cells  and  used  at  a  low  multiplicity  of  infection  (MOI).  Fourteen  days  posttrans¬ 
fection,  supernatants  were  harvested  and  clarified  by  centrifugation.  The  titers  of 
aliquots  were  determined  by  a  plaque  assay.  In  all  experiments,  A549  cells  were 
infected  at  an  MOI  of  5  to  ensure  that  most  of  the  cells  were  expressing  viral 
protein.  A549  cells  were  used  for  experiments  because  they  are  permissive  for 
HTNV  and  transfectable.  Complete  EMEM  was  used  as  a  mock-infected  control 
and  as  the  diluting  agent  in  virus  preparations  before  adsorption.  Virus  was 


allowed  to  adsorb  at  37°C  in  5%  CO2  for  2  h.  Cells  were  subsequently  washed, 
and  medium  was  replaced  with  fresh  complete  EMEM.  Mock-infected  and 
infected  cells  were  then  returned  to  the  same  incubation  conditions  for  5  days. 

NF-kB  GFP  reporter  assay.  293T  cells  were  seeded  into  24-well  plates  and 
cotransfected  with  the  pNF-KB-hrGFP  plasmid  (500  ng)  and  empty  pWRG7077 
vector  (pWRG7077-Empty),  pWRG7077-HTNV-S,  or  pWRG7077-HTNV-M  (0 
to  500  ng)  by  using  the  FuGENEb  transfection  reagent.  After  24  h,  cells  were 
overlaid  with  medium  containing  various  concentrations  of  TNF-a  (0  to  100 
ng/ml;  Endogen)  for  4  h.  As  a  control  for  inhibition  in  this  assay,  some  cells  were 
transfected  with  pNF-KB-hrGFP  only  and  treated  with  0  to  50  [iM  concentra¬ 
tions  of  the  proteosomal  inhibitor  MG132  (Calbiochem)  for  2  h  before  the 
addition  of  TNF-a  and  throughout  TNF-a  treatment.  Cells  were  then  washed, 
and  the  medium  was  replaced  with  complete  Dulbecco’s  minimum  essential 
medium  without  TNF-a  for  an  additional  24  h. 

As  a  control  experiment,  cells  were  cotransfected  with  500  ng  of  pCAGGS- 
GFP  and  500  ng  of  pWRG7077-Empty,  pWRG7077-HTNV-S,  or  pWRG7077- 
HTNV-M.  After  24  h,  cells  were  incubated  in  medium  with  or  without  10  ng/ml 
TNF-a  for  an  additional  24  h.  GFP-positive  cells  were  examined  with  a  Nikon 
Eclipse  TSIOO  microscope. 

NF-kB  transcription  factor  assay.  A549  cells  were  seeded  into  24-well  plates 
and  transfected  with  500  ng  of  pWRG7077-Empty,  pWRG7077-HTNV-S,  or 
pWRG7077-HTNV-M  for  24  h  or  treated  with  MG132.  Cells  were  left  untreated 
or  treated  with  50  ng/ml  of  TNF-a  for  15  min.  Cytoplasmic  and  nuclear  cell 
extracts  were  isolated  using  the  nuclear  extract  kit  (Active  Motif).  Cytoplasmic 
portions  were  used  for  Western  blotting  to  examine  the  total  amount  of  lysate, 
and  all  nuclear  extracts  were  loaded  to  measure  transcription  factor  activation. 
The  activation  of  NF-kB  subunits  NF-kB1  (p50)  and  Rel  A  (p65)  was  measured 
using  a  transcription  factor  assay  kit  from  Active  Motif.  The  assay  is  essentially 
an  enzyme-linked  immunosorbent  assay  in  which  an  oligonucleotide  containing 
the  consensus  NF-kB  binding  site  (5'-GGGACTTTCC-3')  is  immobilized  onto  a 
96-well  plate.  Nuclear  cell  extracts  that  contain  the  active  form  of  NF-kB  spe¬ 
cifically  bind  to  the  oligonucleotide,  and  the  subunits  p50  and  p65  are  detected 
with  antibodies.  The  optical  density  at  450  nm  was  determined  on  a  spectropho¬ 
tometer.  For  internal  controls  to  validate  the  specificity  of  our  assay,  no  lysates, 
Raji  cell  extract,  and  competitive  oligonucleotides  were  used.  Raji  cell  extracts 
were  used  as  a  positive  control  for  p50  and  p65  activation.  A  wild-type  consensus 
oligonucleotide  was  used  to  monitor  the  inhibition  of  p50  and  p65,  as  this 
prevents  binding  to  the  probe  immobilized  on  the  plate.  A  mutated  consensus 
oligonucleotide  was  also  used  and  had  no  effect  on  binding. 

Immunofluorescence  microscopy.  For  the  translocation  assay,  293T  cells  were 
seeded  onto  coverslips  and  cotransfected  with  500  ng  of  pCAGGS-GFP-p65  and 
500  ng  of  pWRG7077-Empty,  pWRG7077-HTNV-S,  or  pWRG7077-HTNV-M. 
After  24  h,  cells  were  fixed  with  3.7%  formaldehyde  in  phosphate-buffered  saline 
(PBS)  and  permeabilized  with  0.2%  Triton  X-lOO  in  PBS.  After  being  blocked 
with  10%  goat  serum  in  PBS,  cells  were  stained  with  antibodies  against  HTNV 
nucleocapsid  (N)  protein  (rabbit  immune  sera)  and  HTNV  Gc  (mouse  immune 
sera).  Alexa  Fluor  546  secondary  antibody  was  used  to  detect  HTNV  proteins. 

For  infections,  A549  cells  were  seeded  onto  coverslips  and  mock  infected  or 
infected  with  HTNV.  After  being  infected  for  up  to  5  days,  cells  were  left 
untreated  or  treated  with  50  ng/ml  of  TNF-a  for  15  min.  All  samples  were  then 
fixed  with  3.7%  formaldehyde  in  PBS  and  permeabilized  with  0.2%  Triton  X-100 
in  PBS.  After  being  blocked  with  10%  goat  serum  in  PBS,  cells  were  sequentially 
stained,  first  with  antibodies  to  p65  (Santa  Cruz  Biotechnologies)  and  then  with 
antibodies  to  HTNV  N  (Abeam)  and  HTNV  Gc  (mouse  immune  sera).  Alexa 
Fluor  488  secondary  antibodies  were  used  to  detect  p65,  while  Alexa  Fluor  546 
was  used  to  detect  HTNV  proteins.  All  coverslips  were  washed,  mounted  onto 
slides  by  using  Prolong  gold  antifade  reagent  with  DAPI  (4',6-diamidino-2- 
phenylindole;  Invitrogen),  and  examined  with  a  Nikon  Eclipse  E600  microscope. 

Western  blots  and  coimmunoprecipitations.  Transfected  and  infected  A549 
cell  lysates  were  prepared  with  NuPAGE  2x  lithium  dodecyl  sulfate  sample 
buffer  that  contained  NuPAGE  reducing  agent  (Invitrogen)  and  complete  pro¬ 
tease  inhibitor  tablets  (Roche).  Proteins  were  separated  on  4  to  12%  gradient 
polyacrylamide  gels  and  transferred  onto  polyvinylidene  difluoride  (PVDF) 
membranes  by  using  the  NuPAGE  gel  system  (Invitrogen).  Blots  were  blocked 
with  5%  nonfat  milk  in  Tris-buffered  saline  (TBS)  and  subsequently  probed 
overnight  at  4°C  with  antibodies  directed  against  p50  (Santa  Cruz  Biotechnolo¬ 
gies),  p65  (Santa  Cruz  Biotechnologies),  HTNV  N  (rabbit  immune  sera),  iKBa 
(Santa  Cruz  Biotechnologies),  GAPDH  (glyceraldehyde-3-phosphate  dehydro¬ 
genase;  Cell  Signaling  Technology),  histone  H2B  (Santa  Cruz  Biotechnologies), 
and  FLAG  (M2;  Sigma- Aldrich).  Blots  were  then  washed  with  TBS  containing 
Tween  20  and  probed  with  the  appropriate  species-specific  alkaline  phosphatase- 
conjugated  secondary  antibody.  Blots  were  developed  using  an  alkaline  phos¬ 
phatase  substrate  detection  system  (Pierce  Biotechnology)  and  exposed  to  X-ray 


Downloaded  from  jvi.asm.org  by  on  August  27,  2009 


VoL.  83,  2009 


HANTAAN  VIRUS  INHIBITION  OF  NF-kB  1273 


film  (GE  Healthcare).  For  probes  with  multiple  antibodies,  some  blots  were 
stripped  using  Restore  Plus  Western  blot  stripping  buffer  according  to  the  rec¬ 
ommendations  of  the  manufacturer  (Pierce  Biotechnology). 

For  the  fractionation  of  lysates,  A549  cells  were  mock  infected  or  infected  with 
HTNV  for  5  days  and  left  untreated  or  treated  with  50  ng/ml  of  TNF-a  for  15 
min.  Cells  were  washed,  and  cytoplasmic  and  nuclear  fractions  were  isolated 
using  extraction  reagents  from  Pierce  Biotechnology.  Sample  buffer  was  added, 
and  the  fractions  were  processed  as  described  above  for  Western  blotting. 
GAPDH  antibody  was  used  as  a  loading  control  for  cytoplasmic  fractions,  and 
histone  H2B  was  used  as  a  control  for  nuclear  fractions. 

For  coimmunoprecipitation  experiments,  A549  cells  were  seeded  into  six-well 
plates  and  transfected  with  1.25  |j.g  of  FLAG-importin  al,  FLAG-importin  a2, 
FlAG-importin  a3,  or  FLAG-importin  a4  and  1.25  |JLg  of  pWRG7077-Empty  or 
pWRG7077-HTNV-S  plasmid.  Twenty-four  hours  posttransfection,  cells  were 
left  untreated  or  treated  with  50  ng/ml  of  TNF-a  for  15  min,  washed  with  PBS, 
and  lysed  in  400  p.1  of  lysis  buffer  (50  mM  Tris-HCl,  pH  8.0,  150  mM  NaCl,  1% 
NP-40,  and  protease  inhibitors).  Extracts  were  centrifuged  at  13,000  rpm  and  4°C 
for  10  min  in  an  Eppendorf  microcentrifuge,  and  the  supernatant  was  precleared 
with  a  50%  slurry  of  protein  A  Sepharose  beads  in  PBS.  Anti-N  protein  antibody 
was  subsequently  added  to  the  supernatant  for  1  h  at  4°C  with  shaking.  Protein 
A  Sepharose  beads  were  used  to  precipitate  the  immune  complex.  The  anti-N 
protein  antibody-protein  A  beads  were  washed  three  times  with  500  |jl1  of  TBS 
and  boiled  in  40  |jl1  of  NuPAGE  lithium  dodecyl  sulfate  sample  buffer.  Immu- 
noprecipitated  material  and  whole-cell  lysates  were  analyzed  in  parallel  by  im- 
munoblotting  with  antibodies  directed  against  HTNV  N  protein  and  FLAG  as 
described  above. 


RESULTS 

HTNV  N  protein  inhibits  TNF-a-induced  activation  of  NF- 

kB.  To  date,  there  have  been  no  reports  of  studies  examining 
the  ability  of  HTNV  to  antagonize  the  TNF-a  signaling  path¬ 
way.  To  determine  if  the  HTNV  N,  Gn,  or  Gc  protein  could 
inhibit  TNF-a-induced  activation  of  NF-kB,  a  human  NF-kB 
promoter  that  transcriptionally  regulates  the  expression  of 
GFP  was  used  as  a  reporter.  No  GFP  was  detected  in  any  of 
the  samples  that  were  left  untreated,  indicating  that  alone,  the 
conditions  of  our  experiment,  including  the  presence  of  viral 
proteins,  could  not  activate  NF-kB  (Fig.  lA).  Transcriptional 
GFP  expression  from  the  NF-KB-responsive  promoter  was 
dose  dependent,  and  HTNV  N  inhibited  GFP  expression  at  all 
concentrations  of  TNF-a  compared  to  expression  in  the  pres¬ 
ence  of  the  empty  vector  (Fig.  lA).  HTNV  glycoproteins  had 
only  little  effect  on  GFP  expression,  suggesting  that  this  phe¬ 
nomenon  was  N  protein  specific  (Fig.  lA). 

Proteosomal  degradation  of  IkB  is  required  to  activate 
NF-kB  in  the  TNF-a  pathway.  In  order  to  validate  our  assay, 
we  included  the  proteosomal  inhibitor  MG132  as  a  control 
because  it  is  a  known  inhibitor  of  this  pathway.  MG132  was 
also  able  to  dramatically  decrease  the  amount  of  GFP  present 
in  TNF-a-treated  cells,  and  this  decrease  was  comparable  to 
the  effect  we  observed  in  cells  transfected  with  HTNV  S  seg¬ 
ment  cDNA  (Fig.  lA). 

We  also  examined  whether  TNF-a-induced  activation  of  our 
reporter  system  correlated  with  the  amount  of  viral  protein  or 
MG132  present  in  cells.  As  expected,  increasing  amounts  of 
empty  vector  and  HTNV  glycoproteins  had  no  effect  on  the 
expression  of  the  NF-kB-GFP  reporter  (Fig.  IB).  However, 
the  inhibition  of  NF-kB-GFP  was  directly  proportional  to  the 
total  amount  of  HTNV  N  protein  or  MG132  in  cells;  hence, 
the  greatest  inhibition  was  observed  with  the  maximal  amount 
of  N  protein  or  MG132  present  (Fig.  IB).  It  was  noteworthy 
that  the  expression  of  the  HTNV  N  and  glycoprotein  genes  was 


not  adversely  affected  by  the  amount  of  TNF-a  or  the  time  that 
cells  were  treated  with  TNF-a  (data  not  shown). 

Lastly,  as  a  control  for  the  specificity  of  action  of  HTNV  N 
on  the  NF-kB  promoter,  cells  were  also  cotransfected  with  a 
plasmid  constitutively  expressing  GFP  and  the  plasmids  used 
in  the  experiments  described  above,  as  indicated  in  the  legend 
to  Fig.  1C.  Twenty-four  hours  posttransfection,  we  observed  no 
difference  in  the  levels  of  expression  of  GFP  in  cells  that  also 
contained  HTNV  N  or  glycoprotein,  indicating  that  HTNV 
protein  expression  alone  was  not  enough  to  inhibit  constitutive 
levels  of  GFP  (Fig.  1C).  Cells  were  then  treated  with  TNF-a 
for  an  additional  24  h  to  determine  if  treatment  alone  or  a 
combination  of  TNF-a  and  HTNV  proteins  were  nonspecifi- 
cally  inhibiting  GFP  or  causing  cytotoxicity  in  our  assay.  Again, 
we  could  not  discern  any  differences  in  the  levels  of  GFP 
present  in  our  cells.  In  addition,  there  was  an  increase  in  the 
amount  of  GFP-positive  cells  over  the  24-h  period,  also  sug¬ 
gesting  that  there  were  no  cytotoxic  effects  (Fig.  1C). 

HTNV  N  protein  inhibits  the  activation  of  endogenous 
NF-kB  p50  and  p65.  In  order  to  validate  the  NF-kB  reporter 
assay  described  above,  we  next  examined  whether  HTNV  N 
protein  was  able  to  inhibit  the  activation  of  endogenous  p50 
and  p65  subunits,  the  most  abundant  of  the  heterodimers  used 
as  an  NF-kB  transcription  factor.  To  measure  NF-kB  tran¬ 
scription  factor  activation,  we  employed  an  enzyme-linked  im¬ 
munosorbent  assay  that  measures  binding  to  NF-kB  consensus 
oligonucleotide  sequences  and  then  detects  p50  and  p65  sub¬ 
units  with  antibodies.  As  expected,  there  was  little  activation  in 
transfected  and  untreated  cells,  indicating  that  viral  gene  ex¬ 
pression  and  transfection  alone  could  not  activate  NF-kB  pro¬ 
teins  (Fig.  2A).  In  contrast,  similar  levels  of  activated  p50  and 
p65  were  detected  in  nuclear  extracts  from  TNF-a-stimulated 
cells  that  were  transfected  with  empty  vector  or  HTNV  M 
cDNA  (Fig.  2A).  Transfecting  with  HTNV  S  cDNA  signifi¬ 
cantly  inhibited  the  activation  of  p50  and  p65,  as  determined 
with  extracts  of  TNF-a-stimulated  cells.  This  result  was  similar 
to  what  we  observed  in  comparing  MG132-treated  cells  and 
cells  transfected  with  the  empty  vector  (Fig.  2A).  Although 
there  was  a  small  increase  in  the  activation  of  p50  and  p65  in 
HTNV  S-expressing  cells  treated  with  TNF-a  compared  to  that 
in  untreated  cells,  this  finding  can  most  likely  be  explained  by 
the  fact  that  we  were  measuring  the  activation  of  endogenous 
NF-kB  in  a  total  cell  population  but  not  every  cell  was  express¬ 
ing  the  HTNV  genes  during  the  assay. 

To  confirm  that  cells  were  expressing  viral  genes,  we  pre¬ 
pared  cytoplasmic  extracts  and  examined  them  by  immuno- 
blotting  to  detect  N  protein  (Fig.  2B)  or  by  immunofluorescent 
antibody  staining  to  detect  Gc  (see  Fig.  4).  Levels  of  the  house¬ 
keeping  protein  GAPDH  were  also  measured  to  rule  out  the 
possibility  that  the  decreased  inhibition  we  observed  for 
HTNV  N  protein  and  MGI32  treatment  was  not  due  to  dif¬ 
ferences  in  the  amount  of  total  lysate  used  in  our  assay  (Fig. 
2B). 

HTNV  N  expression  does  not  affect  levels  of  p50  and  p65  or 
the  degradation  of  iKBa.  Because  it  was  difficult  to  definitively 
determine  by  the  above-described  assays  if  the  decreased 
NF-kB  activation  was  due  to  retention  in  the  cytoplasm  or  a 
decrease  in  the  amount  of  total  NF-kB  present  in  cells  express¬ 
ing  HTNV  N,  we  performed  Western  blot  analysis.  No  differ¬ 
ence  in  the  levels  of  p50  and  p65  proteins  were  observed  in  any 
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FIG.  1.  Effect  of  HTNV  N  protein  on  NF-kB  gene  expression.  (A)  293T  cells  were  cotransfected  with  500  ng  of  pNF-KB-hrGFP  and  500  ng 
of  pWRG7077-Empty,  pWRG7077-ITTNV-S,  or  pWRG7077-HTNV-M.  After  24  h,  cells  were  incubated  in  medium  with  or  without  TNF-ct  (0  to 
100  ng/ml)  for  4  h.  As  a  positive  control  for  inhibition  in  our  assay,  cells  transfected  with  only  500  ng  of  pNF-KB-hrGFP  were  pretreated  with  50 
jjlM  MG132  for  2  h  before  the  addition  of  TNF-ct  and  throughout  the  experiment.  (B)  Cells  were  cotransfected  with  500  ng  of  pNF-KB-hrGFP 
and  5  to  500  ng  of  pWRG7077-Empty,  pWRG7077-HTNV-S,  or  pWRG7077-HTNV-M  or  transfected  with  500  ng  of  pNF-KB-hrGFP  and  treated 
with  0  to  50  |j,M  MG132.  After  24  h,  cells  were  incubated  in  medium  with  or  without  TNF-a  (10  ng/ml)  for  4  h.  Following  a  4-h  treatment,  medium 
was  removed  from  all  wells  and  replaced  with  medium  lacking  TNF-a  for  an  additional  24  h.  (C)  Cells  were  cotransfected  with  500  ng  of 
pCAGGS-GFP  and  500  ng  of  pWRG7077-Empty,  pWRG7077-HTNV-S,  or  pWRG7077-HTNV-M.  After  24  h,  cells  were  incubated  in  medium 
with  TNF-a  (10  ng/ml)  for  an  additional  24  h.  GFP  expression  was  examined  by  fluorescence  microscopy. 


of  the  samples  that  were  transfected  and  unstimulated  or  stim¬ 
ulated  with  TNF-a  (Fig.  3).  GAPDH  was  used  as  a  control  to 
ensure  equal  loading  of  samples. 

The  TNF-a  pathway  requires  the  association  of  numerous 
signaling  molecules  such  as  TRADD,  TRAF-2,  and  receptor¬ 
interacting  protein,  and  the  alteration  of  any  of  these  mole¬ 
cules  may  inhibit  the  activation  of  NF-kB  (44).  The  next  ques¬ 
tion  we  wanted  to  address  was  if  the  NF-kB  proteins  were 


being  targeted  directly  by  HTNV  N  protein  or  if  a  signaling 
molecule  further  upstream  was  being  inhibited,  thus  prevent¬ 
ing  the  activation  of  NF-kB.  Because  iKBa  serves  as  an  inhib¬ 
itor  of  NF-kB  and  its  degradation  is  required  for  the  translo¬ 
cation  of  activated  NF-kB  to  the  nucleus,  we  examined  the 
ability  of  HTNV  N  protein  to  inhibit  the  degradation  of  iKBa 
in  the  presence  of  TNF-a.  Western  blot  analysis  of  iKBa  levels 
demonstrated  that  TNF-a  treatment  was  effective  in  the  sub- 
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FIG.  2.  Endogenous  NF-kB  transcription  activation  in  cells  ex¬ 
pressing  HTNV  N  protein.  A549  cells  were  transfected  with  500  ng  of 
pWRG7077-Empty,  pWRG7077-HTNV-S,  or  pWRG7077-HTNV-M 
for  24  h.  After  treatment  of  the  cells  with  50  ng/ml  of  TNF-a  for  15 
min,  cytoplasmic  and  nuclear  extracts  from  lysates  were  prepared. 
(A)  Nuclear  extracts  were  allowed  to  bind  to  NF-kB  consensus  se¬ 
quence  oligonucleotides  on  96-well  plates  and  then  probed  with  anti¬ 
bodies  specific  for  NF-kB  p65  or  NF-kB  p50.  The  absorbance  reading 
for  each  sample  was  determined  using  a  spectrophotometer.  OD,  op¬ 
tical  density;  MUT  oligo,  mutated  consensus  oligonucleotide;  WT 
oligo,  wild-type  consensus  oligonucleotide.  (B)  Cytoplasmic  extracts 
were  used  for  immunoblotting  to  detect  HTNV  N  protein  and 
GAPDH.  Each  point  represents  an  average  ±  standard  deviation  of 
results  for  six  samples.  The  statistical  significance  of  results  for  HTNV 
S  with  TNF  and  MG132  with  TNF  was  determined  by  comparing  the 
results  to  those  for  the  empty  vector  with  TNF.  Asterisks  indicate 
significant  differences  {P  <  0.05)  as  determined  by  Student’s  t  test.  -H, 
with;  — ,  without. 


sequent  degradation  of  iKBa  in  all  transfected  samples,  includ¬ 
ing  HTNV  N-expressing  cells  (Fig.  3).  Furthermore,  IkBk  lev¬ 
els  were  similar  in  all  unstimulated  and  transfected  samples 
(Fig.  3).  These  results  suggested  that  the  observed  decrease  in 
NF-kB  activation  was  not  due  to  upstream  signaling  molecules’ 
being  targeted  but  rather  the  inability  of  NF-kB  itself  to  enter 
the  nucleus. 

HTNV  N  inhibits  nuclear  translocation  of  NF-kB  p65.  To 

examine  the  possibility  that  HTNV  N  alters  the  ability  of 
NF-kB  to  enter  the  nucleus,  we  used  a  nuclear  translocation 
assay  to  examine  the  transport  of  p65.  IkB  serves  as  an  inhib¬ 
itor  of  NF-kB  and  is  required  for  maintaining  p65  in  the  cyto¬ 
plasm.  When  p65  is  overexpressed,  endogenous  levels  of  IkB 
become  saturated,  causing  nuclear  translocation  of  p65  (37). 
Furthermore,  p65  translocates  to  the  nucleus  in  the  absence  of 
TNF-a  or  other  stimuli.  To  determine  if  HTNV  N  could  inhibit 
the  translocation  of  p65,  we  coexpressed  a  GFP-tagged  p65 
construct  with  our  cDNA  plasmids.  In  cells  that  were  express¬ 
ing  GFP-p65  and  empty  vector,  GFP-p65  could  be  detected  in 
the  nucleus,  as  indicated  by  the  cyan  color  in  the  merged  image 
of  DAPI  and  GFP-p65  staining  (Fig.  4,  first  row).  Nuclear 
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FIG.  3.  Examination  of  NF-kB  p50  and  p65  levels  and  TNF-a- 
induced  IkBh  degradation  in  HTNV  N-expressing  cells.  A549  cells 
were  transfected  with  500  ng  of  pWRG7077-Empty,  pWRG7077- 
HTNV-S,  or  pWRG7077-HTNV-M  for  24  h.  To  induce  the  degrada¬ 
tion  of  IkBm,  cells  were  treated  with  50  ng/ml  of  TNF-a  for  15  min,  and 
lysates  were  prepared  for  immunoblotting.  For  uninduced  samples, 
cells  were  left  untreated.  Proteins  were  transferred  onto  PVDF  mem¬ 
branes  and  probed  with  antibodies  against  IkBu,  p50,  p65,  HTNV  N 
protein,  or  GAPDH.  +,  with;  — ,  without. 


translocation  of  GFP-p65  was  also  identified  in  cells  that  were 
expressing  HTNV  glycoproteins,  indicating  that  the  glycopro¬ 
teins  had  no  effect  on  p65  translocation  (Fig.  4,  third  row). 
When  we  examined  HTNV  N-expressing  cells,  we  found 
mainly  cytoplasmic  GFP-p65  present  in  cells  (Fig.  4,  second 
row).  Interestingly,  we  also  noted  that  GFP-p65  was  accumu¬ 
lating  in  areas  of  the  cytoplasm  (Fig.  4,  second  row,  second 
column)  and  that  this  phenomenon  was  not  seen  in  the  empty 
vector  control  or  cells  expressing  HTNV  glycoproteins.  When 
we  looked  at  the  staining  of  HTNV  N,  we  also  observed  areas 
of  accumulating  N  (Fig.  4,  second  row,  third  column),  and  this 
accumulation  appeared  to  be  in  the  same  location  as  that  of 
GFP-p65  (Fig.  4,  second  row,  fourth  column). 

HTNV  N  protein  binds  to  nuclear  import  protein  importin 
a.  The  above  data  suggest  that  NF-kB  is  being  directly  seques¬ 
tered  by  HTNV  N  protein  or  has  lost  its  ability  to  translocate 
to  the  nucleus.  To  examine  if  NF-kB  was  directly  targeted,  we 
performed  coimmunoprecipitation  experiments  to  determine 
if  HTNV  N  protein  could  interact  with  p50  or  p65.  We  were 
unable  to  detect  an  interaction  between  HTNV  N  protein  and 
NF-kB  proteins  (data  not  shown),  and  this  result  was  surpris¬ 
ing  since  p65  and  HTNV  N  proteins  appeared  in  the  same 
areas  of  cells  (Fig.  4).  This  outcome  led  us  to  ask  whether 
HTNV  N  could  target  nuclear  transport  proteins.  It  has  been 
reported  previously  that  NF-kB  accumulates  in  the  nucleus  via 
interaction  with  importin  a3  and  importin  a4  and  its  NLS.  We 
wanted  to  determine  if  HTNV  N  could  interact  with  these  or 
possibly  other  importin  a  molecules.  Cells  were  cotransfected 
with  a  FLAG-tagged  importin  al,  importin  a2,  importin  a3,  or 
importin  a4  construct  and  an  empty  or  HTNV  S  expression 
plasmid.  Immunoprecipitation  with  an  anti-HTNV  N  protein 
polyclonal  antibody  followed  by  Western  blotting  with  anti- 
FLAG  antibody  was  used  to  detect  importin  a  proteins.  As 
expected,  no  interaction  of  importin  a  and  N  was  detected  in 
cells  that  were  transfected  with  empty  vector,  suggesting  that 
our  N  antibody  was  not  cross-reacting  with  any  of  the  importin 
a  proteins  (Fig.  5).  However,  HTNV  N  protein  was  able  to 
interact  with  importin  al,  importin  a2,  and  importin  a3  but 
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FIG.  4.  Translocation  of  NF-kB  p65  in  HTNV  N-expressing  cells.  293T  cells  were  cotransfected  with  500  ng  of  pCAGGS-GFP-p65  and  500  ng 
of  pWRG7077-Empty,  pWRG7077-HTNV-S,  or  pWRG7077-FITNV-M  for  24  h.  After  incubation,  cells  were  fixed  and  stained  with  antibodies 
against  HTNV  N  or  Gc  protein  (red)  and  with  DAPI  to  highlight  nuclei  (blue).  Arrows  indicate  areas  of  protein  accumulation. 
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not  importin  a4,  suggesting  specificity  for  importin  a  proteins 
(Fig.  5).  Furthermore,  the  interaction  of  HTNV  N  and  impor¬ 
tin  a  proteins  occurred  in  the  absence  and  presence  of  TNF-ct, 
suggesting  that  signaling  activation  is  not  required  for  this 
interaction  (Fig.  5).  Western  blotting  of  whole-cell  lysates 
demonstrated  that  there  were  similar  levels  of  importin  a  and 
N  protein  in  our  samples  (Fig.  5). 

HTNV  inhibits  TNF-a-induced  nuclear  localization  of  NF-kB 
p65  without  affecting  IkBu  degradation.  The  results  of  the 
HTNV  S  segment  transfection  experiments  clearly  demon¬ 
strated  the  inhibition  of  NF-kB.  To  confirm  that  infection  with 
HTNV  also  inhibited  TNF-a-induced  activation  of  NF-kB  by 
preventing  nuclear  localization,  we  examined  virus-infected 
cells  by  immunofluorescent  antibody  staining  with  antibodies 
to  p65  and  HTNV  N  protein.  We  did  not  detect  nuclear  p65  in 
unstimulated  cells  that  were  mock  infected  or  infected  with 
HTNV  (Fig.  6A,  left  panels).  TNF-a-stimulated,  mock-in¬ 
fected  cells  had  primarily  nuclear  localization  of  p65  (Fig.  6A, 


right  panels,  first  column).  Interestingly,  as  infection  pro¬ 
gressed  to  day  5,  the  staining  pattern  of  p65  became  predom¬ 
inantly  cytoplasmic  in  TNF-a-treated  cells,  and  this  pattern 
was  similar  to  that  in  unstimulated  cells  (Fig.  6A,  right  panels, 
second  column). 

To  further  establish  that  p65  is  being  retained  in  the 
cytoplasm,  we  performed  fractionation  experiments.  Mock- 
infected  or  HTNV-infected  lysates  were  separated  into  cy¬ 
toplasmic  and  nuclear  fractions  following  no  stimulation  or 
stimulation  with  TNF-a.  Western  blot  analysis  of  cytoplas¬ 
mic  p65  indicates  that  similar  levels  of  p65  were  present  in 
mock-  and  HTNV-infected  lysates  of  unstimulated  cells 
(Fig.  6B).  However,  when  cells  were  treated  with  TNF-a, 
more  p65  was  detected  in  cytoplasmic  fractions  from 
HTNV-infected  cell  lysates  than  in  those  from  mock-in¬ 
fected  cell  lysates  (Fig.  6B).  No  p65  was  detected  in  nuclear 
fractions  of  untreated  mock-  and  HTNV-infected  cell  ly¬ 
sates  (Fig.  6B).  After  the  treatment  of  cells  with  TNF-a,  we 


Empty 


HTN\’-S 


-TNF-a  +TNF-a 


-TNF-a  +TNF-a 


IP:N 


'3^'9'§  ^  ^  '9  "S 

(HH 


FLAG 

Heavy  Chain 
Nucleocapsid 


IP:N 


WCL 


FLAG 
HTN\' N 


WCL 


FIG.  5.  Analysis  of  HTNV  N  protein  interaction  with  importin  a  proteins.  A549  cells  were  cotransfected  with  0  or  1.25  p-g  of  a  FLAG-importin 
al  (lal),  FLAG-importin  a2  (Icf2),  FLAG-importin  a3  (Ia3),  or  FLAG-importin  a4  (Ict4)  construct  and  1.25  pg  of  pWRG7077-Empty  or 
pWRG7077-HTNV-S  plasmid  for  24  h  and  left  untreated  (-TNF-a)  or  treated  with  50  ng/ml  TNF-a  (-1- TNF-a)  for  15  min.  Immunoprecipitations 
(IP)  were  performed  with  anti-HTNV  N  protein  antibody  bound  to  Sepharose  beads.  The  single  asterisks  indicate  the  location  of  HTNV  N, 
whereas  double  asterisks  identify  the  heavy  chain.  Immunoprecipitates  and  whole-cell  lysates  (WCL)  were  analyzed  by  Western  blotting  for  the 
expression  of  importin  a  proteins  and  HTNV  N  protein.  — ,  no  importin  a. 
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FIG.  6.  Examination  of  TNF-ct-induced  NF-kB  p65  nuclear  translocation  and  degradation  of  IkBci  in  HTNV-infected  cells.  A549  cells  were 
mock  infected  (M)  or  infected  with  HTNV  (V)  at  an  MOI  of  5.  On  day  5,  mock-  and  HTNV-infected  cells  were  left  untreated  (— )  or  treated  (+) 
with  50  ng/ml  of  TNF-a  for  15  min.  (A)  After  fixation,  cells  were  stained  with  antibodies  against  NF-kB  p65  (green)  and  HTNV  N  protein  (red) 
and  stained  with  DAPI  to  highlight  nuclei  (blue).  (B)  Cell  lysates  were  separated  into  cytoplasmic  and  nuclear  fractions.  (C)  Total  cell  lysates  were 
prepared  for  immunoblotting,  and  proteins  were  transferred  onto  PVDF  membranes.  Blots  were  probed  with  antibodies  against  IkBu,  p50,  p65, 
HTNV  N  protein,  GAPDH,  or  histone  H2B. 


observed  less  p65  present  in  nuclear  lysates  of  HTNV-in¬ 
fected  cells  than  in  those  of  mock-infected  cells  (Fig.  6B). 
Similar  levels  of  GAPDH  and  histone  H2B  proteins  were 
observed  in  cytoplasmic  and  nuclear  fractions,  respectively, 
from  infected  and  mock-infected  cells,  indicating  that  dif¬ 
ferences  were  not  due  to  loading  (Fig.  6B). 

To  confirm  that  there  was  no  decrease  in  the  total  levels  of 
p50  or  p65  protein  and  that  no  upstream  signaling  molecules 
were  being  targeted,  we  performed  Western  blot  analysis. 
Mock-infected  or  HTNV-infected  lysates  harvested  after  no 
stimulation  or  stimulation  with  TNF-a  had  no  apparent  differ¬ 
ences  in  the  overall  levels  of  p50  or  p65,  indicating  that  a 
reduction  in  amounts  of  p50  or  p65  was  not  the  cause  of 
decreased  nuclear  localization  in  the  presence  of  virus  (Fig. 
6C).  HTNV  was  also  unable  to  inhibit  the  degradation  of  iKBa 
after  being  treated  with  TNF-a,  suggesting  that  iKBa  itself  and 
signaling  molecules  upstream  were  not  being  targeted  by 
HTNV  (Fig.  6C). 


DISCUSSION 

This  is  the  first  reported  study  to  show  that  HTNV  can 
antagonize  the  activation  of  NF-kB  via  the  TNF-a  pathway.  In 
addition,  our  study  revealed  a  novel  function  of  the  HTNV  N 
protein.  Hantavirus  N  protein  is  known  to  play  a  vital  role  in 
viral  replication  and  is  the  most  abundant  protein  detected  in 
the  cytoplasm  of  infected  cells  (16).  Based  on  our  results  and 
those  of  others,  the  N  protein  appears  to  be  emerging  as  a 
multifunctional  protein  with  roles  in  several  virus-host  cell 
interactions  in  addition  to  viral  replication.  In  earlier  studies, 
Puumala  virus  N  protein  was  found  to  interact  with  the  apop- 
totic  protein  Daxx  (23)  and  HTNV  and  Tula  virus  N  proteins 
have  been  shown  to  interact  with  ubiquitin-conjugating  (Ubc) 
enzyme  and  small  ubiquitin-like  modifier  1  (SUMO-1)  (18, 
25).  Despite  the  identification  of  these  interactions,  the  signif¬ 
icance  of  the  interactions  remains  uncertain.  Here,  we  deter¬ 
mined  that  NF-kB  is  sequestered  in  the  cytoplasm  and  we 
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identified  an  interaction  of  HTNV  N  protein  with  the  nuclear 
transport  proteins  importin  al,  importin  a2,  and  importin  oi3. 
Importin  al  and  importin  a3  molecules  were  previously  found 
to  interact  with  NF-kB,  although  it  is  not  clear  if  importin  al 
is  used  for  transport.  Similarly,  our  assays  could  not  determine 
if  the  binding  of  HTNV  N  protein  to  the  various  importin  a 
proteins  was  related  only  to  preventing  the  transport  of  NF-kB 
or  if  other,  as-yet-undiscovered  host  pathways  were  also  being 
targeted  by  the  HTNV  N  protein  interaction.  This  remains  a 
possibility  since  HTNV  N  could  interact  with  multiple  importin 
a  proteins  even  in  the  absence  of  TNF-a. 

NF-kB  can  be  rapidly  activated  by  various  cytokines,  includ¬ 
ing  TNF-a,  and  activation  is  followed  by  swift  translocation  to 
the  nucleus,  where  it  serves  as  a  transcription  factor  for  a 
number  of  genes.  In  its  inactive  state,  IkB  masks  the  NLSs  of 
the  NF-kB  subunits,  preventing  the  interaction  of  NF-kB  with 
the  transport  molecule  importin  a.  Once  IkB  is  degraded,  the 
NFS  becomes  unmasked  and  the  importin  a-NF-KB  complex 
interacts  with  importin  |3.  Importin  (3  serves  as  an  adaptor 
protein  to  tether  the  cargo-importin  a  complex  to  the  cytoplas¬ 
mic  side  of  the  nuclear  pore  so  that  it  can  be  shuttled  into  the 
nucleus  (21).  We  hypothesize  that  the  HTNV  N  protein  is 
acting  as  a  decoy  to  bind  and  retain  importin  a  molecules  in 
the  cytoplasm,  thus  preventing  their  interaction  with  NF-kB 
and  its  transport  to  the  nucleus.  We  were  unable  to  detect  a 
direct  interaction  between  HTNV  N  and  NF-kB  p50  and  p65; 
however,  this  outcome  may  have  been  due  to  conditions  in  our 
assay.  Alternatively,  it  remains  possible  that  HTNV  N  is  bind¬ 
ing  to  both  NF-kB  and  importin  a,  perhaps  in  a  complex,  to 
prevent  the  nuclear  translocation  of  NF-kB.  Further  experi¬ 
ments  need  to  be  performed  to  clarify  the  exact  mechanism  of 
NF-kB  inhibition. 

Importin  a  proteins  interact  with  the  NLS  via  a  domain  that 
contains  tandem  repeats  of  40  amino  acids  called  armadillo 
motifs  (6).  All  importin  a  molecules  have  two  possible  NLS 
binding  sites  contained  within  the  N-terminal  and  C-terminal 
portions  of  the  armadillo  motifs  (4,  8).  NLSs  allow  importin  a 
to  distinguish  between  cargo  that  requires  transport  and  other 
cellular  proteins  (21).  NLSs  consist  of  one  (monopartite)  or 
two  (bipartite)  stretches  of  the  basic  amino  acids  arginine  and 
lysine  (21).  There  are  some  reports  of  viral  proteins,  including 
VP24  of  Ebola  virus  and  ORF6  of  severe  acute  respiratory 
syndrome  coronavirus  (9,  33),  that  contain  NLSs  allowing  for 
the  recruitment  of  importin  a  molecules  and  thus  the  inhibi¬ 
tion  of  IFN  pathways.  Using  the  algorithm  PSORT  II  (31),  we 
were  able  to  identify  a  putative,  monopartite  NLS  within  the 
HTNV  N  protein,  beginning  at  amino  acid  position  172.  This 
finding  was  surprising,  as  HTNV  N  protein  has  never  been 
detected  in  the  nucleus  during  infection.  However,  our  results 
showing  an  interaction  between  HTNV  N  protein  and  importin 
al,  importin  a2,  and  importin  a3  lead  us  to  hypothesize  that 
the  NLS  within  the  N  protein  may  be  responsible  for  this 
interaction.  Interestingly,  further  sequence  analysis  suggests 
that  a  putative  NLS  is  found  within  the  N  proteins  of  other 
HFRS  and  HPS  viruses,  so  further  studies  are  needed  to  de¬ 
termine  if  the  NLS  sequences  of  hantaviruses  are  indeed  the 
portion  of  the  molecules  that  interact  with  the  importin  a 
proteins.  It  remains  possible  that  if  hantaviruses  are  utilizing 
an  NLS  to  bind  importin  a  molecules,  different  strains  of 
hantaviruses  may  target  different  importin  a  molecules,  thus 


inhibiting  different  pathways.  Alternatively,  binding  importin  a 
molecules  to  inhibit  cellular  pathways  may  be  a  common  mech¬ 
anism  of  HFRS  and  HPS  viruses.  We  are  especially  interested 
in  determining  what  these  differences  or  similarities  between 
the  HFRS  and  HPS  viruses  are. 

There  is  still  much  uncertainty  regarding  the  mechanisms  of 
hantavirus  pathogenesis.  It  has  been  suggested  previously  that 
virus-activated  immune  cells  and/or  a  combination  of  cytokines 
mediate  this  complex  process.  Although  it  is  likely  that  all  of 
these  factors  are  involved,  a  firm  understanding  of  the  disease 
process  remains  elusive  and  is  complicated  by  the  fact  that 
there  is  no  animal  disease  model  for  the  severe  HFRS-causing 
viruses.  Also,  hantavirus  replication  does  not  produce  cyto- 
pathic  effects  in  infected  cells  in  vitro.  Furthermore,  examina¬ 
tion  of  postmortem  human  samples  demonstrates  no  sustained 
damage  to  endothelial  cells  from  hantavirus  replication  (17), 
yet  patients  suffer  from  increased  permeability  and  capillary 
leakage  (26).  It  has  also  been  reported  that  patients  have 
elevated  levels  of  TNF-a,  soluble  TNF-a  receptor,  and  inter¬ 
leukin-6  (IL-6)  (24).  Interestingly,  in  vitro,  hantaviruses  do  not 
directly  activate  proinflammatory  cytokines  (TNF-a,  IL-6,  and 
IL-1)  in  endothelial  cells  (19,  40).  However,  TNF-a  has  been 
detected  in  kidney  biopsy  samples  from  HFRS  patients  during 
acute  infection,  suggesting  that  a  local  inflammatory  response 
occurred  (41).  These  findings,  along  with  the  presence  of  in¬ 
terstitial  mononuclear  infiltrates  at  sites  of  infection  (30),  sug¬ 
gest  that  these  mononuclear  cells  are  recruited  and  activated 
and  release  proinflammatory  cytokines.  This  process  may  ac¬ 
count  for  the  presence  of  TNF-a  that  is  detected  in  biopsy 
specimens.  This  local  inflammatory  response  may  be  detrimen¬ 
tal  to  viral  replication.  The  results  from  our  study  would  pro¬ 
vide  a  mechanism  whereby  HTNV  could  protect  itself  from  the 
antiviral  effects  of  TNF-a  released  by  immune  cells  in  infected 
areas. 

Unfortunately,  there  is  no  reverse  genetic  system  or  animal 
model  to  manipulate  HTNV  to  establish  virulence  factors.  This 
makes  it  difficult  to  determine  the  importance  of  our  findings 
in  relation  to  pathogenesis.  What  is  clear  is  that  the  hantavirus 
N  protein  in  the  cytoplasm  is  in  a  prime  location  to  target  host 
cell  proteins  important  in  the  inflammatory  and  innate  im¬ 
mune  response.  Furthermore,  the  small  number  of  proteins 
encoded  by  hantaviruses  makes  it  likely  that  these  proteins  will 
have  multiple  functions  in  replication  and  in  creating  an  envi¬ 
ronment  to  sustain  replication. 
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